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When a  beam c u r r e n t  approaches t h e  o r d e r  of magnitude of t h e  

c u r r e n t  i n ' t h e  c a v i t y ,  t h e  v o l t a g e  and t h e  phase of t h e  c a v i t y  a r e  

- a f f e c t e d  by beam load ing .  The p a r t i c l e s ,  governed by synchro t ron  

o s c i l l a t i o n s ,  would f i l l  " the  bucketw uniformly and t h e  d e n s i t y  of 

p a r t i c l e s  i n  terms of t h e  phase r e l a t i v e  t o  t h e  R.F. vo l t age  can be 

expressed a s  

Where f A: Area of t h e  bucket  

I C: cons t an t  which determines  
\ 

t h e  bucket  s i z e .  

The e f f e c t s  of t h e  beam c u r r e n t  on t h e  c a v i t y  mainly depend on 

t h e  f i r s t  Four i e r  components of  t h e  cu r r en t .  

P- 

* On l eave  from Unive r s i t y  of  Tokyo 

t ~ s s i s t e d  by t h e  A.E.C. 
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However, i f  t h e  shape of t h e  bucket remains undhanged, it 

might be p l a u s i b l e  t o  s a y  t h a t  t h e  magnitude of t h e  e f f e c t i v e  c u r r e n t  

i s  p ropor t iona l  t o  t h e . a r e a  of t h e  bucket  and i t s  phase i s  c l o s e  

The e f f e c t s  of beam load ing  on t h e  c a v i t y  can be expressed a s  a  
F 

v o l t a g e  gene ra to r  ( o r  a  c u r r e n t  g e n e r a t o r )  connected i n  s e r i e s  

( o r  i n  p a r a l l e l )  i n  t h e  c a v i t y  c i r c u i t  o r  an admit tance 

p a r a l l e l  t o  t h e  gap. 

The f i g u r e  shows an equ iva l en t  c i r c u i t k e  a  s e r i e s  vo l t age  

L R 
gene ra to r  i s  used. 

C, L and R a r e  t h e  equ iva l en t  c i r c u i t  of  t h e  c a v i t y  

Vl : an R.F. o s c i l l a t o r  

n 'J2 : t h e  equ iva l en t  v o l t a g e  g e n e r a t o r  of t h e  beam 

load ing  of which t h e  phase i s  delayed by 2 
r e l a t i v e  t o  t h e  beam phase 
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We put 

L(&-fi) 

v , =  X,&(urC-'Po) 

K = A ( l u t - Y ~ - ~ l  

and a, and a r e  g iven  by 

v.. - -& W 
(4 1 

r\ 
where p a gap c o e f f i c F e n t  

a's i equ i l i b r ium phase of t h e  synchro t ron  o s c i l l a t i o n s  

We can ge t  7 from 

1. Resonant Cav i ty  

Since t h e  c a v i t y  is  working a t  t h e  re.sonance frequency 

w = 1  
-Fir 

Hence we g e t  

I 
With - 

f -xz = E + & : + o w %  d I ( 6 )  
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/4 

or us ing  ( 4 ) ,  

and 

a  i s  r e l a t e d  t o  v t h r o u g h  Ieff = ). C V J ~  and a l s o  7 -I 

We can g e t  exp res s ions  f o r  T a n d  4s us ing  t h e  above r e l a t i o n s .  , 
, . 

For example i n  t h e  case  = 0 ) 

I - 6  - 2 m  IT0 
.--) 

The equ iva l en t  admit tance Y i s  given by 

As seen e a s i l y ,  i f  t h e  bucket  i s  s t and ing ,  t h e  admit tance i s  pu re ly  

P r e a c t i v e .  And s i n c e  t h e  magnitude depends on vo l t age ,  it i s  a  non- l inear  

element. Since t h e  c a v i t y  i s  resonant  a t  t h e  frequency w, t h e  vo l t age  



across the gap without beam is given by 

and the a is given by 
a 3 0  -, a = 

m o  . -P Loc 

1f we use a shunt impedance instead of a series R 

(11) becomes 
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For example the CERN cavity has a shunt impedance of the order of d k f i  

at a few mc/& and the voltage is -3kX So the cavity voltage 

will be affected by a fairly large amount with a beam current of the 

order of one ampere. 

If a single cavity with a high voltage is used, the beam loading 

r effects are rather small because the oscillator voltage is large enough 

so that the effects of the induced voltage may be neglected. Using 

multiple cavities with similar impedances at lower voltage to save. 

power consumption, the voltages induced by the beam become appreciable 

compared to the oscillator voltage. Since we are dealing with a high 

intensity beam and since to accelerate it a high power is needed any- 

way, it might be better.to use a single low impedence cavity regard- 

less of low power efficiency. When the cavity is a component of the 

self-excited oscillator, the situation is different, since it cannot 

be expressed as a linear voltage generator. Also, the frequency of the 

system is affected due to the reactance of the beam. 

2. Off resonant cavity 
7 

P If the cavity is not working at the resonant frequency or if it 

has a broad band characteristic, the phase of the induced voltage can 



MURA-TO 7 
I n t e r n a l  

be ad jus t ed  by changing t h e  impedance o f t h e  c a v i t y ,  

Let us  cons ider  a  p a s s i v e  c a v i t y ,  e  wi thout  o s c i l l a t o r .  

7 i s  given by 

Hence 
f l  

Since 

/ - - Lq- LUC k 8 ,  - '  J z+(&---&a 
we can choose t h e  s i g n  0: -;%, t o  m 8 e  $, a  s t a b l e  e q u i l i b r i u m  

phase depending on which s i d e  of t h e  t r a n s i t i o n  energy t h e  p a r t i c l e s  

a r e  on. Then p a r t i c l e s  w i l l  be d e c e l e r a t e d  s t a b l y  around as and 

R can be changed s lowly t o  keep e(, cons t an t  ( v a r i e s  wi th  R, 49) 

and I e f f . )  I n  o rde r  t o  make R zero  o r  even p o s i t i v e ,  a  wide 

band a m p l i f i e r  can be used. Free o s c i l l a t i o n s  of t h e  c i r c u i t  a r e  

prevented by choosing t h e  f r e e  o s c i l l a t i o n  f requency of t h e  c i r c u i t  

we l l  ou tb ide  of t h e  band width of t h e  a m p l i f i e r .  Then R i n  t h e  

equ iva l en t  c i r c u i t  can be zero  o r  negat ive .  With nega t ive  R t h e  p a r t i c l e s  

rn w i l l  be a c c e l e r a t e d  around t h e  s t a b l e  equ i l i b r ium phase fSand & 
can be kept  cons tan t  by changing t h e  magnitude of t h e  nega t ive  

r e s i s t a n c e  o r  t h e  g a i n  of t h e  a m p l i f i e r  and by changing t h e  reac tance  
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of t h e  c a v i t y ,  i f  necessary.  

The above a c c e l e r a t i o n  method, however, might no t  work, because 

of t h e  i n s t a b i l i t y  of  t h e  system a s  a whole. I f  t h e  beam c u r r e n t  

t ends  t o  decrease  due t o  any d i s t u r b a n c e s ,  t h e  induced vo l t age  and 

t h e . b u c k e t  s i z e  w i l l  decrease  and consequent ly  t end  t o  decrease  t h e  

beam cu r ren t .  So t h e  s t a b i l i t y  of t h e  whole system must be considered.  

The equ iva l en t  admit tance i s  g iven  by 

and i s  a  l i n e a r  element. 

As we l l  known, i f  a l l  elements a r e  l i n e a r ,  t h e r e  i s  no s t a b l e  ampli- 

t u d e  of t h e  o s c i l l a t i o n  and any kind of o s c i l l a t o r  needs some non- 

l i n e a r  elements,  such a s  a vacuum tube  t o  ope ra t e  a t  a  c e r t a i n  am- 

p l i t u d e  l e v e l .  I n  t h e  above equ iva l en t  c i r c u i t ,  t h e  nega t ive  R 

corresponds t o  a vacuum tube  i n  a simple o s c i l l a t o r  and we must make 

t h i s  r e s i s t a n c e  non- l inear  t o  make t h e  system s t a b l e .  

R =  R(77) ( ~ ( 1 ) )  
The s t a b i l i t y  depends on a a t  t h e  working v o l t a g e T I  

dV 

3.  Veloc i ty  modulation 

I n  a l i n e a r  Klyst ron e l e c t r o n s  r e c e i v e  v e l o c i t y  modulation a t  

t h e  f i r s t  c a v i t y  and t h i s  appears  a s  a d e n s i t y  modulation a t  t h e  

second cav i ty .  The phase of t h e  induced v o l t a g e  a t  t h e  second c a v i t y  

i s  such t h a t  t h e  induced v o l t a g e  d e c e l e r a t e s  e l e c t r o n s  on t h e  average. 
rn 

The k i n e t i c  energy of t h e  e l e c t r o n s  goes i n t o  R.F. power i n  t h e  cav i ty .  

We may cons ider  t h e  r e v e r s e  p roces s ,  i . e . ,  we energ ize  t h e  second 
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c a v i t y  from an o u t s i d e  o s c i l l a t o r  and a d j u s t  i t s  phase i n  such a  way 

t h a t  t h e  p a r t i c l e s  r e c e i v e  an a c c e l e r a t i o n  on t h e  average.  The 

app l i ed  v o l t a g e  of t h e  second c a v i t y  should be  l a r g e  enough t o  n e g l e c t  

t h e  e f f e c t s  of beam loading,  

To apply t h i s  scheme t o  a  c i r c u l a r  a c c e l e r a t o r ,  two c a v i t i e s  a r e  

p l aced  i n  a  s t r a i g h t  s e c t i o n .  The frequenky of t h e  R.F. i s  chosen so  

high t h a t  t h e  p a r t i c l e s  w i l l  f o r g e t  t h e i r  p rev ious  phases r e l a t i v e  

t o  t h e  c a v i t i e s  a f t e r  one t u r n ,  As a  r e s u l t  of t h e  changes of o r b i t  

l eng th  due t o  b e t a t r o n  o s c i l l a t i o n s  

Then t h e  p a r t i c l e s  come back t o  c a v i t y  No. 1 a t  random phases  and 

t h e  process  w i l l  be repea ted .  

The R.F. component of t h e  beam c u r r e n t  I a t  c a v i t y  #2, a f t e r  
f i  

r ece iv ing  v e l o c i t y  modulation a t  t h e  c a v i t y  #1, i s  g iven  by 

r =  2 1 a J I ( & )  a(&-?, t .X - a )  
: d i s t a n c e  between c a i r i t i e s  

od : angu la r  f requency of t h e  c a v i t i e s  

81 : vo l t age  and phases o f  t h e  c a v i t i e s  

. - 

a  : bunching parameter  

we 
@ =  - 

v-a / 

- 
4 i n i t i a l  v e l o c i t y  

- - 
8L'J k =  - depth  of t h e  v e l o c i t y  modulation 
WD .. 

gap c o e f f i c i e n t  o < P C  / 

I f  t h e  phase d i f f e r e n c e  between t h e  c a v i t i e s  s a t i s f i e s  

- -- 0 -  z 
f l  

t h e  c u r r e n t  and t h e  vo l t age  a r e  i n  phase and t h e  p a r t i c l e s  a r e  

a c c e l e r a t e d  on t h e  average.  
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. To fo l low t h e  change of energy and v e l o c i t y  of t h e  p a r t i c l e s ,  

one may va ry  t h e  frequency o r  t h e  d r i f t  space l eng th  o r  phase modulate 

c a v i t y  #2. 

It must be noted t h a t  t h e  frequency of t h e  c a v i t i e s  can be chosen 

independent of t h e  p a r t i c l e  f requency and t h e  frequency i s  s o  high 

t h a t  R.F. knockout might n o t  h u r t  t h e  beam. 

A s  t h e  second c a v i t y ,  a non-resonant c a v i t y  a s  descr ibed  i n  t h e  

prev ious  s e c t i o n  can be used,  i f  t h e  beam i n t e n s i t y  i s  high,  a l l  

parameters i n  t h e  c a v i t y  remain cons t an t  s i n c e  t h e  frequency i s  n o t  

n e c e s s a r i l y  changed. But t h e  depth of t h e  modulation dec reases  

wi th  i n c r e a s e  of t h e  p a r t i c l e  v e l o c i t y .  

I n  t h e  above method of a c c e l e r a t i o n ,  t h e  energy of t h e  p a r t i c l e s  

f i  i s  much h ighe r  t h a n  t h e  R. F. v o l t a g e  and t h e  depth of t h e  modulation 

i s  q u i t e  low, whi le  i n  t h e  K l y s t r o n  t h e  energy of t h e  e l e c t r o n s  and 

t h e  R. F. v o l t a g e  a r e  of t h e  same order .  Consequently, t h e  e f f i c i e n c y  

of t h e  a c c e l e r a t i o n  method i s  extremely low a t  h ighe r  e n e r g i e s ,  

because of t h e  smal l  depth  of t h e  modulation. 


